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Abstract
Using the the SLIC simulator software and the org.lcsim reconstruction framework
package, the performance of Mat Charles' NonTrivialPfa.java PFA for several different
detector variations was found by determining the mass resolution for a given detector
geometry. The variations tested included the layering of the hadronic calorimeter, the
radius of the calorimeter, the interaction material utilized in the hadronic calorimeter
and the type of read-out used in the calorimeter. Based on the performance of the PFA
for the different variations, the optimal detector specifications for use with the PFA
were discovered. The optimal detector was found to use scintillator as the sensitive
layer and steel as the interaction material in the hadronic calorimeter. A general trend
in increased performance with more layering was also observed for the calorimeter.
Also illuminated in the study was the discovery of unexpected performance for radius
variations.
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Chapter 1
Introduction
The next large scale particle collider will be the International Linear Collider (ILC),
a global project which hopes to build the next linear collider to study questions in the
field of high energy physics [4]. The most important prerequisite for the detector at the
ILC is that it must have a high energy resolution of 0'% to measure the particle
jets resulting from a particle collision. The importance of a high energy resolution
lies in the fact that most of the physics to be studied has multi-jet final states and
new particles, such as the Higgs boson, must be identified by their decay to two jet
final states. The necessary jet energy resolution is thought to be obtainable by using
particle flow algorithms (PFA) with a system of calorimeters [10]. In this study, new
particle flow simulation techniques which have been created to simulate and analyze
ILC particle flow, will be used to better understand how different variations of a
detector effect its performance.
My thesis will focus on optimizing detector performance by changing the config-
urations of the detector. This includes changing the type of material used in the
hadronic calorimeter, the number of layers in the calorimeter, the type of detectors
used in the calorimeter, and the radius of the detector.
1.1 The International Linear Collider
In recent years, the global physics community has come to the realization that cur-
rent technology should allow for the discovery of the Higgs boson, the only particle
predicted by The Standard Model which has not been observed. The current machine
being built and nearing completion for this endeavor is the Large Hadron Collider
(LHC) at the European Center for Nuclear Research (CERN). The LHC is a syn-
chrotron which collides protons at a center of mass energy of 14 TeV. This type of
machine is what is known as a discovery machine, it uses high amounts of raw energy
to achieve its goal.
The next generation of particle collider currently in the research and development
phase is the International Linear Collider. While the LHC is a circular collider, the
ILC is a linear collider. Circular colliders use particle beams which are accelerated
and collide multiple times. This method is preferred for colliding hadrons, but is
impractical for electron accelerators at the ILC energy scale due to synchrotron ra-
diation losses. The ILC will collide electrons and positrons with a center of mass
collision energy of 500 GeV. While the collision energy is lower than that of the LHC,
the effective energy of a collision at the LHC will be lower than 14 TeV because
the actual collisions between the non-elementary particles occur between their con-
stituents: quarks, antiquarks and gluons. Thus, each individual collision has about
1/3 of the total beam energy. A collision at the LHC will still have a higher energy
than the ILC; however, the ILC is a precision machine. Measurements at the ILC can
be made more accurately because the collision created is between two fundamental
particles. The fundamental collision between an elementary particle and its antipar-
ticle is much simpler than a collision between multiple elementary particles. Thus,
the ILC is expected to be the machine which will make precision measurements of
the Higgs boson.
The ILC will also be the first instrument to be able to finely explore the Terascale,
an energy scale which has the potential to answer current and fundamental questions
in high energy physics. The main goal of the machine is to measure the mass, spin,
and interactions strengths of the Higgs boson. It has been hypothesized that the
precision of the ILC will also allow it to measure any extra dimensions at this energy
scale as well as probe for the lightest supersymmetric particles which according to
present theory are the most likely candidates for dark matter.

Chapter 2
Fundamentals of Particle Collisions
and Detectors
2.1 Fundamentals of Collisions
The ILC will be an electron-positron collider. A typical e+e- collision yields charged
and neutral mesons which will appear as a dijet event in the detector as can be seen
in Figure 2-1. These jets are caused by a two-stage process involving the production
and subsequent fragmentation of a quark-antiquark pair as shown in Figure 2-2 (a)
[7]. The cross section for this process follows Figure 2-3 [7]. The peaks in the plot
are due to the various boson resonances.
Another possibility for the outcome of an e+e- collision are seen at higher energies:
rather than a dijet production, three or more jets are observed as seen in Figure 2-
2 (b) [7]. This particular event occurs when a quark radiates a hard gluon, which
removes about half of the quark's energy. When the gluon is emitted at a large enough
angle, the gluon and the quark will each fragment and give rise to separate hadronic
jets. The likelihood of this process increases with the center of mass energy of the
particle collision. As the center of mass energy continues to climb in an e+e- collider,
the creation of the Z boson is expected at energies higher than 91.2 GeV. The process
Figure 2-1: A dijet event for ZZ -+ v•,, qq in a detector.
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Figure 2-2: (a) Dijet creation (b) Gluon jet creation - both for e~e- -- qq.
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Figure 2-4: Feynman diagram of favored H production in e+e - collision.
for e+e- -Z - anything follows the The Breit-Winger formula:
4rA (2J+ 1) r2/4 (2.1)e = (2.1)
(2s, + 1) (2sb + 1) [(E - ER) 2 + P2/4]
where J is the spin of the Zo, sa and sb are the e+ and e- spins, and F is the decay
width. At sufficiently high energies, ZZ pairs can also be produced.
The main purpose for creating the LHC and ILC will be the discovery and mea-
surement of the Higgs boson. Based on the best and most recent measurements of
the top quark mass and the W boson mass taken at Fermilab, the upper limit for the
mass of the Higgs boson is 144 GeV/c 2 with 95 percent probability [8]. Additional
data from Fermilab as well as the Large Electron-Positron Collider (LEP) shows the
lower bound to be 114 GeV/c 2 [7]. The production of Higgs is visualized using the
Feynman diagram shown in Figure 2-4. The preferred Higgs production and decay
mode of an e+e - collider with sufficient energy is theorized to be:
e+e - --+ HoZo (2.2)
Where subsequently,
Ho - bb, t, ...
Zo --+ QQ, 11, v,
This is the most likely candidate collision that the ILC will search for in order to
observe the Higgs boson.
2.2 Fundamentals of Particle Detectors
The goal of any particle detector system is to measure the observables of a particle
collision and then use the data collected to reveal the underlying processes. This task
is usually accomplished by measuring the momentum 4-vector of final-state particles
in high energy collisions. In order to obtain the best data possible, detectors must
collect the most precise and relevant data possible. The current method of uncovering
what occurs in a particle collision is a reconstruction from the stable final state
particles and working backwards to reconstruct the collision.
A good detector must perform many tasks while keeping in mind precision and
relevance. Basic detector tasks include position, energy and momentum measure-
ment as well as vertexing, particle identification, charge determination, triggering
and data acquisition [9]. Position measurements are performed to localize the hits of
a charged particle and determine its decay point. Energy measurements deal with the
deposition of particle energy in a localized detector volume. The goal of momentum
measurement and charge determination are to determine the momentum and inherent
charge of charged particles inside a magnetic field from a reconstruction of the track
curvature. Vertexing is the reconstruction of a particle's path using several individual
position measurements along its trajectory. Particle identification involves utilizing
the measured mass and time of flight of particles to identify them. The detector must
trigger on events to be studied rather than background events of little interest, and
once it has triggered, the detector must store the information gathered for a certain
event under the process of data acquisition.
Detector performance is measured by a detector's response time, dead time and
efficiency. Response time is the time which a detector takes to produce a signal after
a particle has interacted with it. Dead time is the time that must elapse following the
passage of a particle before the detector is ready for the next particle detection. A
detector's efficiency is the fraction of the events registered by the detector compared
to the total number events emitted by the source of particle collisions.
At its most basic level, a particle detector is a block of matter with data readouts
that has numerous particles traversing through it and works via measuring the inter-
actions of the particles with its matter. In more complex and real particle detectors,
actual particle detection is accomplished by using a system of varying calorimeters.
Each calorimeter utilizes different methods of particle interaction to measure different
aspects of a particle collision. Particles created in the collision of high-energy particle
beams, such as the ILC, can experience two types of interactions in the detector ma-
terial they traverse: electromagnetic and nuclear (or hadronic) interactions. A viable
detector design must ensure that it makes use of the different interaction processes.
The main processes for charged particles interaction with matter include ionization,
Cherenkov radiation and Bremsstrahlung radiation. Photons interact with matter
via the Photoelectric Effect, Compton scattering and pair production. Nuclear inter-
actions are governed by numerous nuclear processes [9].
Each detector consists of four basic parts or sub-detectors: the tracker, the elec-
tromagnetic calorimeter, the hadronic calorimeter and muon chambers. Each of these
systems measures specific interactions. Figure 2-5 [9] shows the type of interaction
measured in a specific area of a particle detector, while Figure 2-6 [9] reveals the
general layout of the main components of a detector. Note that the specific areas
of a particle detector seen in Figure 2-5 are color-coded to their respective physical
locations in the particle detector in Figure 2-6.
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Figure 2-5: Interaction areas inside a detector.
2.3 Fundamentals of Calorimetry
My work concentrates on calorimetry which measures the total energy of jets by
measuring the energy of their fragmentation packets. As particles enter and traverse
a calorimeter, the likelihood of them interacting with some of the calorimeter material
increases the longer they traverse. When a particle does interact with some of the
matter in a calorimeter, a shower occurs. A shower is a cascade of next generation
(or secondary) particles from the collision of an incident particle and the calorimeter
material nucleus followed then by these produced particles subsequently interacting
with other calorimeter nuclei. Viewing the shower as a formation of decreasingly
lower-energy particles is the main principle behind calorimeters. The mean distance
for an electron to lose all but 1/e of its energy as it traverses though a certain type
of matter is known as xo, and similarly for hadronic interactions, the quantity AI, is
defined. A small fraction of deposited energy is converted into a measurable signal
depending on the type of instrumented materials being used. The most important
aspect to be considered in the construction of a calorimeter is that it must contain the
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Figure 2-6: Parts of a detector.
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full shower, meaning that it must have enough longitudinal and transverse dimensions
for the shower to dissipate its energy through.
Well designed calorimeters have several unique properties that are helpful in un-
derstanding the performance of detectors. Calorimeters have a fast response time,
which allows for a high event rate by reducing the dead time while running. The
response depends on the particle type. For example, it is fairly easy to distinguish
electrons from photons from hadrons. The segmentation of a calorimeter can be
changed which allows the measurement of the impact position of incident particles.
The longitudinal dimension of a calorimeter needed to absorb a certain amount of
energy scales logarithmically with that energy. Lastly, the energy resolution of a
calorimeter should improve with increasing energy as the inverse of the root of the
energy of the initial collision [9].

Chapter 3
Particle Flow Algorithm
3.1 Software Organization
The PFA is a fairly generic algorithm and has the capability to be applicable to a wide
array of different detector setups so long as they contain an MCParticle List. The
calorimeter in the ILC consists of an electromagnetic part and a hadronic part, named
so because of the types of interactions they cause and thus detect. As their names
imply, the EM calorimeter detects electromagnetic particles such as photons, whereas
the hadronic calorimeter detects hadrons such as the nucleons. The main concern
of a PFA is a detector's calorimeter because the trickiest job of reconstructing jets
occurs in the hadronic calorimeter. As a result, improving hadronic reconstruction is
a big concern for the ILC. A PFA should allow for the integration of the data from
many other parts of a detector for a full reconstruction of a particle collision.
In the current research and development phase of the ILC, simulations being used
benchmark software, optimize the design of the detector and aid in gaining a better
understanding of how different parameters of the detector effect performance. De-
tector optimization is done using The Simulator for the Linear Collider (SLIC) [6],
a Geant4-based simulations package [2] that uses an Extensible Markup Language
(XML) geometry input format called Linear Collider Detector Description (LCDD)
which is an extension of The Geometry Markup Language (GDML) software package.
Analysis of the resolution of a detector is done using Mat Charles' ReadAndWrite-
OutPfa program, a java based particle flow algorithm that completely reconstructs
an event.
The goal of my thesis is to characterize the optimal detector characteristics in con-
junction with the PFA that will be used to reconstruct a collision based on the data
returned by the detector. Essentially, this process involves, simulating a complete
particle collision inside of the detector, and then using the data from the simulation,
creating a complete reconstruction of the collision. While it is true that the simu-
lations hold a complete event list of the interactions that occurred, realistically, a
detector will not and cannot detect every event which occurs in it. A prime example
is that neutrinos effectively carry away energy from particle detectors because they
simply do not interact within the calorimeter. If one were to use more data than
the detector would collect, this would be cheating. The process of using only the
data which the detector would have read and then reconstructing the event using
algorithms that look at this realistic data is at the heart of a PFA.
3.2 Processing
The software needed to run the simulations as well as many introductory tutorials is
available on the Internet at http://confluence.slac.stanford.edu. Once the org.lcsim
framework, GeomConverter, LCDetectors, SLIC, Maven and JAS3 were installed and
running, the simulations could be run. The confluence website contains links to many
premade detector concept designs. The two designs I used for detector optimization
were the sid01 and acme0605 series of detectors.
The overall process for simulating and reconstructing a particle collision using
the org.lcsim framework is shown in the flow chart in Figure 3-1, where black boxes
represent files and red boxes are programs. The first step of a simulation requires a zip
description of a detector. These are located in the LCDetectors/detectors directory or
online at the confluence website available for download via an anonymous ftp server.
The format for these zip folder is sid01.zip or acme0605.zip. Each of these zip files
contains a complete package of the detector with all the necessary files needed to run
Compact.xml
from sidO 1.zip
GeomConverter
Detector.lcdd
H10 Detector.heprep
Events.stdhep
From confluence
Detector and Events.slcio
ExampleReadandWriteOut.java
(Mat Charles' PFA)
Full.slcio Mass Plots
Figure 3-1: Basic process for simulating and reconstructing events.
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simulations on the stock detector. They include the necessary calibration files as well
as the compact.xml file, the complete description of the geometry of the detector. In
order to change parameters, the compact.xml file must be edited with the appropriate
desired changes. The compact.xml file is run through the program, Geomconverter,
which converts the geometry specified in the file into either a heprep or lcdd file. A
heprep file is a basic file that simply contains the geometry of the detector and can
be viewed in JAS3 to double check that the geometry is what is desired. The lcdd
file is the file that is needed for simulations. The actual particle collision inside of a
detector is simulated using SLIC. Running SLIC requires two files: an lcdd detector
geometry file and also a stdhep file which is an event list created using an event
generator such as Pythia. SLIC combines both the event list and detector geometry
in a simulation that will show how a particle in the event list will interact with the
materials and geometry utilized in the lcdd geometry file. SLIC outputs a slcio file
which contains the detector geometry as well as the particle interactions and is needed
for the reconstruction of the collision.
The reconstruction and analysis is done by PFA. I worked mostly with Mat
Charles' ReadAndWriteOutPfa.java PFA, which is in the org.lcsim framework. The
PFA requires the slcio file created using SLIC so that it can attempt to recreate the
particle collision using the data that would have been gathered from the detectors.
The PFA will write out a file called Full.slcio which is the full reconstruction of the
event as well as some mass plots that allow for data analysis and performance test-
ing. For example, in the event I used in my particle collisions,ZZ -• vo, qq , the
expected reconstructed mass of the collision is 91.2 GeV, the mass of a Z boson. The
missing energy is because neutrinos are neglected in modern particle detectors due to
the difficulty of detecting them. Thus, the neutrinos effectively removed 91.2 GeV of
energy from the system, and the remaining Z should be the only contribution to the
reconstructed mass. Given that the software is not yet finished and still being tested,
we did not expect the reconstructed mass of the collision to be 91.2 GeV; however,
testing the PFA on different geometries and detectors aids in the completion and
optimization of the detector and PFA.
Chapter 4
Detector Optimization
4.1 General PFA Performance Issues
Generally speaking, a PFA is a computer algorithm that goes through an event list
which contains the hits in a calorimeter and using this data, it reconstructs the event
in the calorimeter. The PFA attempts to separately identify the charged, electro-
magnetic and neutral hadron constituents in a jet in order to use the best means to
measure each [5]. The neutral hadrons carry a relatively small amount of a jet's to-
tal energy which helps in obtaining a more accurate reconstruction because they can
only be measured with the relatively poor resolution of the hadronic calorimeter. The
tracker is used to measure the charged components of a jet with much more accuracy
than the hadronic calorimeter while the electromagnetic calorimeter measures pho-
tons with precision. A net jet energy resolution of 30•% is thus deemed achievable
by using the hadronic calorimeter only to measure the neutral hadrons with a res-
olution of 60% . However, this will certainly require extensive and simultaneous
optimization of detector design and tuning of algorithm parameters [5]. The general
process a PFA follows is to first group calorimeter cells based on local energy density.
Next, the PFA uses the data from the tracker and matches tracks to the cell clusters
where appropriate, so that all the energies of charged-hadron-induced clusters can be
replaced with the corresponding track momenta. The PFA then identifies photons by
shower shape analysis in the electromagnetic calorimeter. Finally, the PFA combines
the track momenta with the photon and neutral hadron energies to produce jet energy
measurements [5].
As stated previously, the event of choice is ZZ -- v,, qq; however, the PFA will
only rarely reconstruct a Z boson with 91.2 GeV. There are several reasons for this,
most to do with a detector's geometry. This is how the performance of the PFA
is benchmarked. The best current method of checking the PFA performance is by
comparing the reconstructed mass of an event to the actual mass generated by the
simulation. With the ZZ -+ vP, qq event, the goal is to have the reconstructed mass as
close to the mass of one Z boson, 91.2 GeV. For this comparison, I define the quantities
Mmean90 and Mrms90 to denote the mean and rms of 90% of the events which yield
the smallest rms in the reconstructed mass - generated mass distribution [1]. 90%
of the events are chosen to get rid of outliers that are statistically irrelevant to the
collision being reconstructed. Clearly, the most desirable Mmean90 value would be 0,
as this means that the reconstruction of the particle collision from the detector data
completely defines the event. Mrms90 is the uncertainty on the Mmean90. To gauge
the performance of the PFA, the bottomline number is the mass resolution:
AMAM (4.1)M
Where AM is the Mrms90 and M = generated mass + Mmean90 of the event. The
mass resolution is similar to the energy resolution mentioned previously and as such
will serve as the overall indicator of performance for the detector and PEA.
Reasons why it is highly unlikely that a PFA will ever perfectly reconstruct an
event are inherent in both the PFA algorithm as well as the detector. One reason
why the reconstructed mass is not expected to be the same as the simulated mass
is because there are always some events that will not trigger the detectors inside
of the calorimeter. There is also the possibility that a particle will traverse the
whole calorimeter without interacting with any of the materials or detectors. Another
possibility is that some particles in an event will simply go down the beam pipe of the
accelerator where there is no detection system, or there could be a shower event that
occurs on the edge of the calorimeter and not enough interaction data is retrieved to
even begin to guess what occurred. Thankfully, these performance reducing events
occur with a relatively small percentage, which is why with good statistics, the actual
mass of an event can be reconstructed within reason. To further reduce the effects
on these nonideal events, angular cuts on the data are made. The general cut used
requires the angle of the two primary quarks from the collision to satisfy IcosOI < .8.
The reason this angular cut is utilized is to reduce the amount of particles that follow
the beamline direction. Which in turn minimizes the amount of events where particles
either go down the beampipe or just barely interact inside of the detector.
ReadAndWriteOutPfa has a few known problems that add to the error on Mmean90.
One of these processes is that hits that are 50 cm away from any other hits will be
ignored in the reconstruction. The reason for this is because there is no way no know
what this hit is. It could be one of the previously mentioned effects or it could be
some background event such as cosmic rays. This process clearly reduces the per-
formance of the overall reconstruction and it is thus expected from this algorithm
that the actual reconstructed mass will be less than that of the actual mass. Another
performance reducing aspect of the PFA is that it can confuse charged and neutral
particles. This confusion comes from the imperfect readouts in the detector due to
limitations on size and how strong the magnetic field inside the detector is. When
two or more particles are incident in the same general area of the calorimeter, all
that is seen is a large energy deposit as exemplified in Figure 4-1. Exactly how to
separate this cluster is still being considered, but what is important to know is that
this confusion leads to a non-ideal reconstruction. This error can cause the PFA's
reconstruction to over or undercount the mass. In events where charged energy is
confused with neutral energy, a double count may occur, and when neutral energy is
confused for charged energy, the energy is undercounted.
Figure 4-1: A difficult reconstruction.
4.2 Expected Performance for Different Configu-
rations
Variations of detector designs have the potential to increase reconstruction perfor-
mance. Desirable conditions for PFA reconstruction are expected to be achieved by
varying different physical configurations of a detector. Some of these characteristics
include the number of layers in the hadronic calorimeter, the inner radius of the
calorimeter, the materials in the hadronic calorimeter, the type of readout device
used in the calorimeter and the magnitude of the magnetic field used in the detector.
The main goal of varying the geometry in my research was to test performance by
inducing two performance enhancing effects in the particle collision development and
interaction with the detector. The two main variations are made to reduce the effects
of confusion as well as the energy resolution in the detector. By increasing the spatial
dimensions of the detector, the jets in the collision will have more room to move out.
As the jets propagate, they will continue to spread out. In theory, this spreading
should cause less overlapping of events and help reduce PFA confusion by lowering
the number of clusters. Alternatively, by increasing the number of sensitive layers
and amount of interaction material for the jets to interact with as they propagate
should improve PFA performance. The more material there is, the more likely it
is to observe a shower, and with more sensitive layers the energy resolution should
increase. Another important parameter that was tested is the type of sensitive layers
used in order to determine which layer type performed better.

Chapter 5
Results
To discover the detector variations which allow for the optimal detector and PFA per-
formance, certain physical aspects of the detector were varied and the mass resolution
of the detector was determined. The number of layers was varied to test the effect of
increasing the energy resolution and amount of interaction material on detector per-
formance. Various radius lengths were tested to determine the effect of the detector
size on performance. Tungsten and steel were compared as interaction materials. The
type of sensitive layers in the calorimeter was varied between the two technologies:
scintillator and resistive plate chamber in order to discover which yielded a better
resolution.
Table 5.1: Layering results.
Layers Mmean90 (GeV) Mrms90 (GeV) AM/M (%)
32 .17 5.52 6.04
33 .69 5.75 6.26
34 .95 5.68 6.16
35 .40 5.43 5.93
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Figure 5-1: Raw layering results.
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Figure 5-2: Analyzed layering results.
5.1 Layering
The performance of the PFA is tested based on the amount of material as well as
the number of sensitive layers in the detector. Layers were added and subtracted to
the hadronic calorimeter. Figure 5-1 shows the base results of adding and removing
layers to the hadronic calorimeter. The variation with the least layers, 32, is shown in
the top left and then the 33 layer detector is shown in the top right, with the bottom
two images being the 34 and 35 layer dectectors from left to right. The baseline
version of the detector has 34 layers in the hadronic calorimeter. For this study,
one and then two layers were subtracted and then one layer added to the baseline
model. The Mmean90 and Mrms90 obtained from Figure 5-1 are shown in Figure 5-
2. From these plots, it is clear that the PFA is consistently miscounting the event
mass by a few hundred MeV. The differences between the reconstructed mass and
Mrms90s for the permutations in layering are also on the order of a few hundred MeV.
Inserting the calculated Mmean90 and Mrms90 into Equation 4.1 yields a detector's
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Figure 5-3: Raw differing radius results.
mass resolution. Table 5.1 contains the Mmean90 and Mrms90 of the detectors as
well as the calculated mass resolution. The calculated mass resolutions for the the
32, 33, 34 and 35 layer detectors are 6.04%, 6.26%, 6.16% and 5.93% respectively. As
expected, the variation with the most layers does have the overall best performance.
The general trend in.the performance of the PFA and detector appears to be an
increase as the number of layers increase; however, the variation with the least layers
does not follow this trend. The 32 layer detector out performs the detectors with
33 and 34 layers, but not the 35 layer variation. Thus, based on performance in
these simulations, the rankings of the build are 35, 32, 34 and 33 layers from best to
worst. The mass resolution improves by approximately .1% between each subsequent
ranking of detector performance.
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Table 5.2: Radius results.
Radius (cm) Mme'an90 (GeV) Mrms90 (GeV) AM/M (%)
125 -1.22 4.73 5.26
150 -1.41 4.53 5.05
175 -1.98 5.02 5.63
5.2 Radius
Changing the radius of the detector does not change the layering but rather increases
how much room the jets have to interact and shower as they propagate throughout
the detector. The performance of the PFA should increase because the jets should
have more room to spread out spatially and this in turn should reduce confusion hits
by promoting less overlapping. Figure 5-3 shows the angular cuts on the results of
changing the radius of the detector. The Mmean90 and Mrms90 are shown in Figure 5-
4. The standard detector has a radius of 125 cm. The two variations tested had 150
and 175 cm radiuses. The Mmean90, Mrms90 and AM/M for the detectors are in
Table 5.2. Unexpectedly, the detector with the median radius performed the best.
The mass resolution of the median model is better than that of the basline detector
and the largest radius model, inner electromagnetic calorimeter radiuses of 125 cm
and 150 cm by .21% and .58%. The reason for this unexpected performance is not
exactly known. The current hypothesis, which has not yet been completely proven
is that the gain in performance from increasing the radius is counterbalanced by
confusion. While a larger radius increases the three dimensional separation between
the offspring of a shower, making pattern recognition easier for the PFA of these
tracks, the secondaries also have a larger chance to decay in flight and interact [3].
This process makes it harder to reconstruct the event because it increases the difficulty
of associating observed energy deposits with the correct track.
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Table 5.3: Material results.
Material Mmean90 (GeV) Mrms90 (GeV) AM/M (%)
Tungsten -1.33 4.65 5.17
Steel -2.61 4.21 4.75
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Figure 5-6: Analyzed results of tungsten versus steel as interaction material.
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Table 5.4: Readout results.
Readout Mmean90 (GeV) Mrms90 (GeV) AM/M (%)
Scintillator -1.33 4.65 5.17
RPC -3.38 4.80 5.47
5.3 Material
The material in the layers of the hadronic calorimeter directly affects the interaction
length of the jets and showers in a particle collision. Usually, denser materials will
decrease the interaction length because there is simply more material in a given
volume which increases the chances of an energy low to occur. The base comparison
with angular cuts of the performance between two materials is shown in Figure 5-5;
Figure 5-6 shows the analyzed results. The results from the figures and the calculated
value of the mass resolution are shown in Table 5.3. The baseline detector uses
tungsten layers in its hadronic calorimeter, while the other variation tested uses steel.
As tungsten is denser than steel, one expects the PFA to perform better with tungsten
in the calorimeter. From the figures, this is clearly not the case. The detector with
steel in the hadronic calorimeter outperforms the tungsten model by .42%. This result
may also be explained by the hypothesis put forth in the radius section. Tungsten
allows for more interaction lengths in the given radius of the detector and as such,
the showers are more likely to occur as well as to spatially spread out. This spreading
could again be the reason why these events are harder to reconstruct and in turn
cause a decrease in detector performance.
5.4 Readout
The type of sensitive layer in the detector can also affect the overall performance.
The two main technologies used to detect particles in these layers are resistive plate
chamber (RPC) and scintillator. Figure 5-7 shows the raw results of the study. From
simulation and reconstruction, the mass resolution for a detector with scintillator
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in these layers as opposed to RPCs showed a better performance as can be seen in
Figure 5-8. Table 5.4 shows the Mmean90, Mrms90 and the calculated mass resolution
of the detectors. The scintillator variant exhibited a 5.17% mass resolution whereas
the RPC detector has a mass resolution of 5.47%- a .3% resolution difference.
The difference in performance between the two technologies is mostly understood.
The two main differences between RPC and scintillator are the way the data is readout
and the type of material which constitutes the sensitive layer. RPCs use gas as the
interaction material. As charged particles move through the gas, they leave a trail of
ionization. This ion trail amounts to a very small amount of charge which is used to
determine if a particle was seen or not. Because the charge is so small, this leads to
a binary decision as to whether or not a charged particle was observed with no other
information about the interaction. This binary readout is known as a digital decision
because it is interpreted as either a 1 for a detector hit or a 0 for no hit.
Scintillator detection differs from that of a RPC because it uses a plastic as its
interaction material. As a charged particle traverses through the denser scintillation
material, it gives off light from the deposited energy every time an interaction occurs.
This light is detected and changed to an electric signal that does take intensity of
the light into account. Because the scintillation material is denser than the gas found
in the RPC, a particle moving through the scintillator interacts more. In principle,
the scintillator gives more information than the RPC. This is because the scintillator
gives an analog signal; when the scintillator detects a particle, the output is not only
a digital readout but also contains more information on the detection. This means
that scintillator should out perform RPC because at the very least scintillator yields a
digital signal but it can also yield more information which helps with reconstruction.
The other reason why scintillator out performs RPC is possibly because RPC is
insensitive to neutral particles. Neutral particles can only be detected via hard inter-
actions where they kick many secondary particles out in both RPCs and scintillator.
Because scintillator is much denser than the gas in the RPCs, a collision in scintillator
is much more likely to occur and be detected. This is due to scintillator having a lot
of hydrogen atoms in it, which have a relatively large cross section.
Chapter 6
Summary
From the results in Chapter 2, it is clear that the PFA allows for a fairly accurate
full reconstruction of an event, being at most 5.63% off from a perfect reconstruction.
Inerestingly, the performance results of the change in the interaction material study as
well as the radius study were the exact opposite of what was expected. The hypothesis
put forth for the decrease in performance appears to contradict the results of the
layering study, where a general trend of an increase in performance with more material
was observed. The extra layers of sensitive material must counterbalance the decrease
in PFA performance from adding more interaction material. The last two studies have
shown that for the best performance a detector ought to use scintillation detection
in the hadronic calorimeter and the less dense steel over tungsten for interaction
material. The study has shown that the detector with the best performance is the
one that contains these attributes. A detector which has a radius of 150 cm, steel
interaction material and scintillator senstive layers should perform the best of all
tested detectors variations.
A perfect PFA, one that achieves the best possible reconstruction on an event
because it cheats by looking at the particle list when needed to determine a pattern,
will not be able to perfectly reconstruct an event. The perfect PFA will still be about
a few MeV off from the desired energy, mostly due to the effects mentioned before.
Using this as the best possible outcome for a real, noncheating PFA, there is still
room for improvement in the PFA optimization. The few hundred MeV that the
Table 6.1: Comparison of results to recent SLAC findings.
Variation AM/M (%) Cassell AM/M (%) Bronk
125 cm radius 4.87 5.26
150 cm radius 4.92 5.05
175 cm radius 4.84 5.63
Sintillator 4.87 5.17
RPC 5.47 5.47
Tungsten 4.87 5.17
Steel 4.79 4.75
PFA does not reconstruct will eventually be accounted for as the algorithm becomes
more advanced and can deal with both charge and spatial confusion better.
Recently, Ron Cassell of the Stanford Linear Accelerator Center (SLAC) con-
ducted a similar study of detector performance. In his study, some of the same
detector series were used. Additionally, the prefered event of two Z bosons created
with a 500 GeV center of mass energy was used. His results compared to the ones
presented in this paper are seen in Table 6.1. For the most part the results and trends
in the results agree. Differences in the mass resolution between the two studies are
due to the higher number of statistics Cassell used. What is noticable and more
important than the difference in mass resolution are the comparable trends between
the two studies. Cassell's results confirm the presented ones for steel and scintillator
enabling superior performance to tungsten and RPC respectively. His results for the
radius variations also confirm that the expected increase in PFA performance as ra-
dius increases is not seen. His radius result along with mine confirm that there are
unknown processes which could potentially be explained by the hypothesis outlined
in the earlier radius section. The similarity in results serves as a confirmation of
the PFA performance not yielding the expected results in the radius and material
variations. Together, the two studies give confidence that the comparable results are
accurate.
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